Introduction
The high-frequency sound emission from air-guns is of no benefit to imaging. Historically, the design goal for airguns was for ever-higher peak pressures and this has led to pulses with unnecessarily steep rise times. The new design ( Figure 1 ) releases its air in a carefully designed way such that the steepness of the rising edge can be controlled. This acts like a low-pass filter, but one that is applied physically rather than in processing. Several earlier studies of the spatial zone over which injury might be caused to marine mammals by seismic sources were based on the Southall et al. (2007) criteria (Breitzke and Bohlen, 2010; Laws, 2010; Laws, 2013; Goertz et al., 2013) . The NOAA (2013) draft criteria are, especially for cetaceans with high-frequency hearing, more stringent than those of Southall et al. (2007) but the overall approach, using the metrics of peak pressure and cumulative sound exposure level, is the same. NOAA has incorporated the results of more recent studies, for example, Lucke et al. (2009 ), Finneran and Schlundt (2010 and Finneran and Jenkins (2012) . Weightings and thresholds in NOAA (2013) are very similar to those given in the draft proposals of the U.S. Navy (Navy, 2012 (Navy, , 2014 .
In this study, the source array is described by a set of monopole source functions in the manner given by Ziolkowski et al. (1982) from which the acoustic field can be computed at any point. Small random variations in firing time and position are applied to each air-gun consistent with current source array practice; such variations affect the high frequency output and must be included. The highfrequency near-field measurements, from which the farfield signals are simulated, have been made by Bolt and WesternGeco. The near-field hydrophone was 2 meters below the air-gun.
In this paper several comparisons are made between the new design and a 'standard' Bolt 1500LL air-gun. All the measurements were made in the same test facility.
Design method
The high-frequency output of air-guns comes primarily from the rising edge of the start for the seismic pulse, when the air is initially released from the air-gun. This is illustrated in Figure 2 , which shows an example near-field air-gun pulse of a standard 105 in 3 air-gun that has been filtered with a high pass at 150 Hz. In the lower panel the cumulative energy is shown and it is clear that the great bulk of the cumulative energy (above 150 Hz) is emitted during the onset of the pulse.
In order to modify the pulse onset a model of the release mechanism and air flows was developed and an inversion procedure devised so that the optimal port area, as a function of time, could be determined from the desired initial pulse shape (Hopperstad et al., 2005) . In principle any desired pulse shape could be created. In practice theAn air-gun mechanism was then designed to produce the desired port area as a function of time. The port area is the result of complex dynamic interactions between the airgun's mechanical components, internal pressures, and the external pressure field. To reproduce this behavior precisely, a 3D computational fluid dynamics (CFD) model was developed. Accurate modeling of the gas dynamics of an air-gun is challenging because it is a transient analysis with a dynamic mesh and the simulation code must handle the effects of exceedingly small areas, supersonic velocities, and multiphase phenomena. A snapshot from the simulation is shown in Figure 3 .
The CFD simulation led to a new hardware design, which was built and tested; the results were then used to verify and update the CFD model. Several cycles of this optimization and hardware verification have converged on a radical redesign of the air-gun whilst still utilizing the technological advancements and maintaining the proven reliability of established air-gun designs.
The new design of air-gun is inherently modular and can be configured with several different corner frequencies and filter roll-offs. In this paper, results are shown from the configuration that preserves the most energy in the seismic band. Figure 4 illustrates the near-field pulse shape of the new design of air-gun compared with that of a standard air-gun of the same volume using the same firing pressure. When viewed over the full 25 kHz bandwidth (Figure 4 , upper panel) it is clear the new design has a significantly smoother pulse onset and a lower peak pressure. When viewed over the seismic bandwidth (Figure 4 , lower panel) the two pulses are substantially the same. These results show that the smoother rise-time has been achieved without a major change to the pulse shape in the seismic band; the seismic image will be unchanged. The vertical far-field spectrum of an example 3,300 in 3 array of air-guns is shown in Figure 5 . The far-field has been simulated using near-field measurements from individual air-guns. It is clear that the output of the new design substantially matches the standard air-gun up to the first ghost notch (100 Hz in this case) and is attenuated above it. array (simulated from near-field measurements) of: air-guns with the new design (green) and standard air-guns (red) with the same mix of volumes and the same firing pressure. The source arrays are at a depth of 7.5 m. Note that the spectra differ significantly only above the ghost notch (100 Hz). Landrø et al. (2009) pointed out that an air-gun array can be subject to cavitation because the peak of the surface reflected pulse (negative pressure) can exceed ambient pressure at certain positions near the array center. This effect will be less pronounced with the new design because of its smaller pulse amplitude.
Comparison in seismic band and broadband

Comparison with merchant ship source power spectra
To illustrate the environmental benefit of the new air-gun design, it is instructive to compare its time-averaged output power spectrum, over all directions, with another common source of sound in the ocean -a merchant ship. Ship noise data are typically presented as a 'monopole source level'; the ship is represented as a monopole placed 7.5 meters below the surface and the power spectrum of that monopole is used for comparison. It is convenient that this typical nominal depth of the ship monopole is the same as the usual air-gun depth. No ocean propagation simulation is needed because it is source levels that are being compared.
The monopole source level of the seismic array is computed by integrating the square of the pressure over a sphere bounding the source array (Laws et al., 1988) . It is done, in this case, frequency-by-frequency and gives the energy spectrum per shot. This is then divided by the shot interval in seconds to give the time-averaged power. The monopole source power spectrum can then be directly compared with the published source power spectra of typical merchant ships from, for example, Wales and Heitmeyer (2002) . This is shown in Figure 6 .
It is clear from Figure 6 that the monopole source power spectral level of an array of standard air-guns is higher than that of a single merchant ship but that a corresponding array of air-guns of the new design can bring the higher frequency part of that spectrum significantly closer to that of the merchant ship. Figure 6 : Total (all directions) monopole source power spectra of a 3,300 in 3 air-gun array plotted with typical merchant ship spectra: typical merchant ship source spectra (many colors) and the best fit curve (black) reproduced from Wales and Heitmeyer (2002) ; the time-averaged source power spectrum of a 3,300 in 3 array of standard air-guns fired every 10 seconds (red), the same array but using air-guns of the new design (green).
Comparison with ambient noise in the ocean
It is instructive to estimate the ranges at which the received high-frequency power from an array of air-guns is roughly equal to the local ambient noise in the ocean. To do this, it is necessary to use an ocean propagation model. In this abstract, the method of images has been used (including multiple reflections within the water-column) for a homogeneous ocean with a homogeneous earth below it.
The modeled ray-paths are straight. The sea bed is horizontal. The angle-dependent bottom reflection, with appropriate phase shift, is included using the equations given by Kinsler et al. (2000) . Attenuation of high frequencies by seawater is accounted for. However, only ray-paths that remain in the water layer are included. For the examples in this abstract, the vertical reflection coefficient at the sea-bed is chosen to be 0.2 with a critical angle of 60°. The modeled ocean is 2,000 meters deep; the receiver is 100 meters deep and is 5,000 meters from the sail line.
The received source power spectra are shown in red (standard air-guns) and green (new design) in Figure 7 . The blue curves represent ambient noise from shipping and weather. Noise from light, medium and heavy shipping (for the year 2014) predominates below 300 Hz; weather noise for wind speeds of 10 and 15 m/s, corresponding to significant wave heights (SWH) of roughly 2 and 5 meters, predominates above 300 Hz. Seismic acquisition is typically abandoned at wave heights above SWH 5 meters. Figure 7 : Examples of received time-averaged power spectra at a range of 5000 meters and depth of 100 meters. Curves are for: an array of standard air-guns fired every 10 seconds (red), the same array but using air-guns of the new design (green) and ambient ocean noise (blue).
Of course, at seismic imaging frequencies the new design array and the standard array cause the same received power spectrum because their outputs are the same over the seismic band. But, for high frequencies, in this particular scenario, the new design array received power is not very different from ocean ambient noise levels at a range of 5,000 meters, whereas the standard air-gun array signal lies well above ambient. These calculations of air-gun signal relative to ambient noise depend on the chosen scenario, but the overall trend will be consistent across scenarios with the new design giving lower received levels of signal at higher frequencies.
The received power spectrum, relative to ambient, is not directly a measure of audibility. Furthermore, there are no scientifically defined metrics for cetacean disturbance yet. However, these results suggest that, for animals that are sensitive to high frequencies, the range of disturbance is likely to be significantly smaller for the new design array than for the standard air-gun array.
The reduced high-frequency output of the new design results in less sound being received by marine animals in the vicinity. For animals that are especially sensitive to high-frequencies this can result in reduced risk of injury because of the reduced sound exposure level (SEL) and also the reduced peak pressure.
Conclusions
A new design of air-gun has been developed that controls the shape of the onset of the seismic pulse. As a result, the new design emits significantly less energy above 150 Hz than a standard air-gun does.
The pulse-shape of the new design is very similar to a standard air-gun pulse when viewed over the seismic bandwidth. This means that imaging will not be compromised.
Further design options are available with more radical attenuation than those shown in this abstract. The monopole source power spectral level of an array of standard air-guns is much louder than a merchant ship, but a corresponding array of air-guns of the new design can bring the high-frequency part of that spectrum significantly closer to that of a merchant ship.
The high-frequency time-averaged power output of the new design of air-gun falls below ambient noise levels in the ocean at a range that is significantly less than that for an identical array of standard air-guns. This suggests that the disturbance range will be smaller for animals with highfrequency hearing.
